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Abstract 

Hen70|d)f)yfd<ic (HE) is a suspected human carcinogen and is known to produce tumors in the lung and foreslomach of 
mice Gluiiiihionc (GStl) S-transferases (GSTj play a major role in the detoxification of the ultimate carcinogen of BP, C+)- 
orif/-7,8-dihydrt)xy'9,10-oxy-7.8,9.IO-telrahydroben7ojrj)pyrene ((+)-an//-BPDEj. Previous studies have shown gender- 
related difierences in the expression of GST isoenzymes in tnice. The present study was designed to test the hypothesis 
uhcihcr gcnder-rL'Iaied differences in the expression of GST isoenzymes can affect the susceptibility of mice to BP-induced 
lung and foreslomach [umorigcticsis. The expression of tr class isoenzyme mGSTPl-1, which is highly efficient in the 
detoxification of (9 )-onri BPDf-. was approximately 3.0- and 1.5-fold higher in the liver and foreslomach of male A/J 
ntou.se, rc.spcciivcly. as compared with the fcntale. The levels of other major GST isoenzymes, mGSTA3-3 (a class), 
niGSTMi-i class) amt ntGST A4-4 (a das.s), were also significantly higher in the liver of the male mouse as compared 
with the female While pulnonary rnGSTPi-1 expression did not differ significantly between male and female A/J mice, the 
expression of ntGSTA3-3, inGSTMl-l and mGSTA4-4 was significantly higher (1.4-4.0-fold) in the lung of the male A/J 
mouse as compared w-ith the female. At lower concentrations of BP (0.5 mg BP/mouse), the tumor Incidence/muUiplicity was 
significantly higher in the lung as well as in the foreslomach of female mice as compared with male mice. For example, while 
30% of the female mice developed pulmonary tumors 26 weeks after the first 0.5 mg BP administration, none of the male mice 
had tutiiors in their lungs. At higher doses of BP (1.5 mg BP/raouse), however, this diffetential was either abolished or 
relatively less pronounced. Our results suggest that up to a certain threshold of BP exposure the levels of GST isoenzymes 
may he an important doterininam of susceptibility to BP-induced tumorigenesis in mice. © 1998 Elsevier Science Ireland 
Ltd. All rights rc.scrvcd 
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benzojolpyrene (BP), arc well known carcinogens in 
animal models and their widespread presence in the 
environment poses a significant health hazard to 
honinns. BP is by far the best studied PAH and is 
know'n to induce tumors in the lung, skin and foresi- 
oinach of experimental mice [1,24,30], It is well 
known that PAHs, including BP, require metabolic 
activation for the generation of their uUimaie carcino¬ 
gens, the diol epoxides [6,3!]. For example, 

2,8-di hyd roxy-9.) O-oxy-7,8,9,10-tetrahy drobenz.olo J- 
pyrene ((+>-na/i-BPDF.) is believed to be the ultimate 
carcinogenic metabolite of BP 12.29]. Even though 
several different mechanisms can convert PAH diol 
epoxides to less reactive species |4,32,331. the loxico- 
logicaliy most important metabolic pathway of these 
compounds is their glutathione (GSH) S-iransferases 
(GST) catalyzed conjugation with GSH [5,11,13,20- 
221. Mammalian GST isoenzymes can be classified 
into four major classes, i.c, o, ir and on the 
basis of their physicochemical properties [7,15,16]. 
The GS'I' isocnz.ymcs of difl'erctu classes are known 
to exhibit overlapping yet distinct sub.strate specifici¬ 
ties [7,151. For example, the x class human and rat 
G.ST isocii/yme is signihcanily more efficient than 
otVier classes uf CkS'l's in catalyzing the CSII conjuga¬ 
tion of (-r)-n«f/-BPr)h [2(1.2)]. More recently, we 
h.ive determined the relative coniribuiions of various 
classes of murine GSls in hepatic deloxificalion of 
(-tl-win-Bl’Dli [10], I'he.se studies reveal that the rela¬ 
tive contribution of the j clit.s.s isoenzyme (mGSTP!- 
1 according to the recently recommended nomencla¬ 
ture for nuirinc GSTs) (71 far exceeds (about 79%) the 
combined comrihution.s of other predominant hepatic 
isoenzymes, includsnc a class niGSTA3'3, p. class 
niGSTMl-1 and a class niGS'l A4-4. Despite .signifi¬ 
cant advances toward metabolism of PAHs, the fac¬ 
tors ihat determine the susceptibility to PAH-induced 
cancer are poorly defined. 

Recent studies from our laboratory have .shown that 
the female CD-I mice arc relatively more susceptible 
to BP-induced pulmonary tumorigciiesis than the 
male mice [2.^). In these studies, a single dose of 3 
mg HP/mouse produced more tumors in the lungs of 
the feiii.alc CD-I mice as compared w'iih the male 
mice. Based on these observations, we hypothesized 
that gender-related differences in the susceptibility of 
mice to B)*-induced cancer may not be unique for the 
CD-I strain or the lung tissue. In addition, we postu¬ 


lated that the gender-related differential in BP- 
induced cancer may be abolished at higher concentra¬ 
tions of the carcinogen because male mice having 
higher levels of mGSTPI-l than the female would 
be able to detoxify (-r)-o«r(-BPDE more efficiently 
only up to a certain threshold of BP exposure. During 
the present studies, we have systematically examined 
these hypotheses by quantitating GST isoenzymes in 
the liver (the main detoxification site) and target 
organs (lung and forestomach) of male and female 
A/J mice and by comparing the susceptibility of 
male and female A/J mice to BP-induced pulmonary 
and forestomach tumor incidence/multiplicity at two 
different doses of the carcinogen. The results of the 
present study indicate that while female A/J mice are 
relatively more susceptible than the male mice to BP- 
induced pulmonary as well as forestomach tumorigen- 
esis at lower doses of BP, this dilTerential is either 
abolished or relatively less pronounced at higher Bp 
concentrations. The significance of these findings in 
r Jation to PAH exposure, GST isoenzyme expression 
and human health are discussed, 

2. Materials and methods 

2.L Benzolajpyrene-induced lumorigenesis 
experiments 

Male and female A/J mice (8 weeks old) were 
obtained from the National Cancer Institute, Frederick 
Cancer Research and Development Center, Frederick, 
MD, The mice were divided into two groups of 10 
mice for each sex. The mice were fed AIN'76 semi- 
purified diet (ICN, Aurora, OH) for 1 week prior to the 
BP administration. The animals were given three oral 
administrations of the desired concentration of BP 
(0,5 or 1.5 mg BP/mouse suspended in 0.2 ml com 
oil) every 14 days. The animals were killed by cervi¬ 
cal dislocation 26 weeks after the first BP administra¬ 
tion. The lung and forestomach tissues were collected 
and fixed in 10% buffered formalin and the tumor 
nodules were counted under a dissecting microscope. 

2.2. Purification and guantitation of GST isoenzymes 

The male and female A/l mice (8 weeks old) were 
fed AlN-76 semipurified diet for 1 week prior to the 
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colieclion of tissue samples. Hepatic, puiinonary and 
forestoniach GST i.soEnzynte.s of the male and female 
A/J mice were quantitated hy using a protocol 
described by us previously [9], which involves GSH 
affinity chromatography followed by reverse-phase 
HPLC. Briefly, equal amounts of liver, lung or foresl- 
omach tissues (0.25 g for liver and forestomach and 
O.-'i g for lung) from male and female A/i mice were 
homogenized in 10 mM potassium phosphate buffer 
(pH 7.0) containing 1.4 mM 2-mercapioethanol. The 
homogenate was centrifuged at 14 000 X g for 40 min 
and the supernatant fraction was dialyzed against 22 
niM potassium phosphate buffer (pH 7.0) containing 
1.4 mM 2-n)ercaptoeihanol. The dialyzed supernatant 
w'as subjected to GSH linked to epoxy-activated 
Sepharosc 6B affinity chromatograph)' to isolate 
total GSl's (niixiure of isoenzymes). The GSH affinity 
chromatography was performed by the method of 
Simons and Vander Jagt [251, with some modifica¬ 
tions described by us previously (26], The GSTs 
retained on the affinity column were eluted by using 
equal volumes of the elution buffer (5 mM GSH in .50 
mM Tris-HCl (pH 9.6)couiaining 1.4 n\M 2-mercap- 
tncihanol). Individual GST isoenzymes were sepa¬ 
rated and quantitated by reverse-phase HPLC 
analyses of equal volumes of affinity-purified GS'I' 
preparaiion.s. A Waters Delta-Fak C'u reverse-pha.se 
column (1.50 x .5.9 mm) atlached to a Waters HPLC 
system equipped with a Millennium 2010 chromato¬ 
graphy manager and a Model 996 photodiode array 
detector was used fur reverse-phase HPLC. The coL 
imin Was pre-eqiiilibratcd with 61% solvent 1 (.5% 
accionitrilc/O.l % trifluoroaceiic acid) and 39% sol¬ 
vent It (90% acctunilrile/O.l'/r trifluoroaceiic acid), 
The GSl .subunit.s were eluted with a 30 min linear 
gradient of 39-69% solvent II at acolumn flow rate oi 
1 nit/min. 'flic individual GST i.soenzyme.s were tden- 
litied on itie basis of their elution profile during 
reverse-phase HPLC analysts andfor Western blot 
analysis as described by us previously 19,121- The 
GST isociizynies were quantitated by using a standard 
curve for corresponding isoenzymes, 


3. Ke.sulls 

Previous studies have shown that three administra¬ 
tions, 2 weeks apart, of 2 mg BP/rnouse results in 
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Fig. 1. Benzo[o)pyrene-inducea pulmonary and [oiestomach tumw 
incidence in male (■) and female (□) A^J mice. P>0.05, male 
versus female at 1.5 mg BP/moiisc dose by Student's Mcs! 

100% tumor incidence both in the lung and forest¬ 
omach of female A/J mice [24,30]. To detemine gen¬ 
der-related differences, if any. in the susceptibility of 
mice to BP-induced tumor incidence, we selected 
doses of 0.5 and 1.5 mg BP/ttiouse, As shown in 
Fig. I, while 30% of the female mice developed pul¬ 
monary tumor nodules 26 weeks after the first 0.5 mg 
BP administration, none of the male mice had tumors 
in their lungs. As in the case of the lung, 40% of the 
fernale mice had forestomach tumors, whereas none 
of the males had forestomach tumors at a 0.5 mg BP 
concentration. While the gender-related differential in 
forestomach tumor incidence was completely abol¬ 
ished at higher concentrations of BP (1.5 mg BP/ 
mouse), the BP-induced pulmonary tumor incidence 
was still higher in the female A/J mice (80%) as com¬ 
pared with the male (50%) even at 1.5 mg BP expo¬ 
sure. 

BP-induced pulmonary and foreslomach tumor 
multiplicities (average number of tumor nodules/ 
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lablc 1 

Bcniplolpyrcnc-induced pulmonar)- and forestomacb tumor mnlii- 
plicily in male and female A/J mice 


Sdx Bl’ dose Average number of tumor 

fiiif BPOnpibsei ttodulcs/mouse 




Forcstoniach 

Lung 

Male 

0.5 

0‘ 

O' 

Kcmak 


0 4 ± 0.2" 

0.5 ± 0.3 

Msie 

l..‘i 

0,7 ± 0.7 

1.5 ±0.6 

Female 


1.2 i 0.4‘ 

2.4 ± 0.7' 


'None of tbe nticc in this group had detcetnhic tumor nodules. 
*‘l)atii represent the ntcan i Sh. (tr ■= 10). 

'P>0.05, ntak versus fctnalc by StuJenI’b r-tesl. 


mouse) were also convparej in male and female AyJ 
mice and the results are sumtnariied in Table 1. As 
described above, there were no tumors either in the 
lung or forestomach of niale A/J mice treated with 0.5 
mg HR At thi.s do.se of BP, the average numbers of 
tumor nodules/mouse in the lung and forestomach of 
female mice were 0.5 and 0 4. respectively. The gen¬ 
der-related diftereniial in BP-induced tumor multipli- 
ciiy was also evident at higher concentrations of BP 
exposure for example, at 1.5 mg RP/mouse, the aver¬ 
age number of tumor nodule.s/mouse in the lung of 
female mice was 2.4 as opposed to 1.5 observed in 
the king of male mice, kikewise, the BP-inducecl for- 
estomacb tumor multiplicity was relatively higher in 
the female mice (1.2 liinior nodules/mou.se) as com¬ 
pared with the male mice (0-7 tumor nodules/rnouse). 
Taken together, these results .suggest that BP elicits a 
differential umiorigenic response in male and female 
A/J mice and that this differential is relatively more 
prominent at lower doses of BP exposure. 

The GST isoenzymes of the liver, lung and forcsi- 
omach of male and female A/J mice were quantitated 
by using a prtrtocol which involves GSH affinity chro¬ 
matography and reverse-phase HPLC and the results 
are suminarized in Table 2. Mg. 2 shows representa¬ 
tive reverse-phase HPLC profiles of affinity-purified 
O.ST preparations from the liver of male and female 
A/J mice. The levels of minor hepatic GST subunits, 
labeled as M2, M3 and M4 in Fig. 2. arc not included 
in Table 2 as colleclively these isoenzymes account 
for le.s.s than of the total OST protein in the liver of 
both male and female A/J mice. Significant quantita¬ 
tive diffcrcncc.s were observed in GST Lsoenzynte 


expression between tissues of male and female A/J 
mice. For example, the niGSTPl-l content was 
approximately B.O-fold higher in the liver of male 
mice as compared with female mice. The levels of 
other major hepatic GST isoenzymes were also sig¬ 
nificantly higher (2.2-3.0-foId) in the male than in the 
female mice. The gender-related differences in GST 
isoenzynae expression were relatively less pronounced 
in the target organs (lung and forestomach) than in the 
liver. In the foresiomach, the mGSTPl-1 content was 
higher by about 1.5-fold in the males as compared 
with the females (F < 0.05 by Student’s t-test). How¬ 
ever, the difference in the foresiomach content or 
mGSTA44 was relatively more pronounced than 
mGSTPl-J between males and females (male to 
female ratio 1.9). 'While the niGSTPl-1 content did 
not differ significantly between the long of male and 
female mice, the constitutive expression of other 
pulmonary GST isoenzymes was significantly higher 
(1.4-4.0-fold) in male mice as compared with female 
mice. Collectively the data presented in Table 2 
dearly demonstrate gender-related quantitative dif¬ 
ferences in constitutive expression of GST iso- 


Tahlc 2 


RcUlive abundance of ihc prcdominanl GST isocnzyrutfs ii; Uic 
liver, iung and forestomach of tnsAt and female A/J mice 


Tissue 

GST 

isccnzynic 

GST isoenzyme conteni 
()ig/g wet tissue) 


Male 

Female 

Ratiu 

(male/ 

female) 

l.iver 

mGSTA3-3 

5R9 ± n'-'' 

304 ± 33 

1.9 


mOSTPl-l 

512 ± 72“ 

169 ± 59 

3.0 


mGSTMl-1 

586 ± 57*' 

266 ± 35 

2.2 


mGSTA4-4 

32 17“ 

14 ±2 

2.3 

ForcslomftCh 

mGSTAl-2 

24 ± 6 

23 ± 7 

1.0 


mGSTPt-1 

172 ± 33“ 

114 ±2 

1.5 


mGSTMl-1 

23.5 ± 52 

280 ± 16 

0.8 


mGSTA4^ 

115 ±9“ 

62 ± 19 

1.9 

Lung 

mGSTA3-3 

32 ± 3“ 

23 ± 3 

1.4 


mGSTPI-1 

S3 ±7 

47 ± 3 

1,1 


mOSTMl-1 

■ 85 ± 8“ 

53 ±4 

1.6 


mGSTA4-4 

24 ± .3“ 

6± I 

4.0 


*Daia are the mean ± SD of four deierminalions. For the quantita¬ 
tion of hepatic GST isoenzymes, the tissues from an individua) 
mouse were used. For die quantitation of foresiomach and pulmon¬ 
ary GST isoenzymes, tissue samples from Iwo mice were pooled. 
^Significantly different from female, < 0.05 by Studenfs i-iest. 
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enzymes m the liver as well as target organs of All 


4. !>iscussion 

Previous Mudies from our laboratory have shown 
dial a single adininisiraiion of 3 nig BP/inouse causes 
relatively more tumors in the lungs of female CD-I 
mice ihan in the male [23]. The results of the present 
study revetil that gender-related differences in the .sus¬ 
ceptibility to BP-induced cancer in mice are not con¬ 
fined to the CD-I strain or to the lung tissue. Both 
tumor incidence and tumor multiplicity data clearly 
reveal that BP is imire tumorigcnic in the lung as well 
as the forestomach of female All mice as compared to 
the niak. The gender-related differentia) in BP- 
induced tumor incidcnce/inultiplicity is relatively 
more pronounced at lower levels of BP exposure. At 
higher concentrations of the carcinogen (1.5 mg BP/ 


mouse), this gender-related differential in the carcino¬ 
genicity of BP is markedly attenuated as indicated by 
a similar tumor incidence in the forestomach of both 
male and female A/J mice. However, even at a dose of 
1.5 mg BP, the differential response of this carcinogen 
is reflected by a relatively higher tumor incidence in 
the lung and higher tumor multiplicity in the lung as 
well as in the forestomach of female mice. It is pos¬ 
sible that at doses of BP higher than 1.5 mg/mouse, 
the differential tumorigcnic response of BP to male 
and female mice may be completely abolished. This 
may be because the higher concentrations of BP may 
overcome the differential carcinogenic response of the 
carcinogen. In particular, if the mechanisms which 
protect against BP-induced carcinogenicity are more 
efficient in male mice than in their female counter¬ 
parts, as reflected in their GST isozyme profile, an 
overload of the carcinogen beyond the threshold of 
the protective capacity of male mice would make 
both males and females equally susceptible to BP- 
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induced cancer. The re^ulis pre.senied in ihis study 
seem to he consistent with (his postulate. 

While the mechanisms responsible for the differen¬ 
tial carcinogenicity of BP to male and female A/J 
mice are not completely understood, our results sug¬ 
gest that the differences in GST compositions of male 
and female mice may be an imporiani determinant of 
the .sex-related response of BP. In the liver of male 
mice, each GST i.soen/ynie Ls clearly more abundant 
as compared with the female. More prominently, 
mGSTPl-I, which has been .shown to be the major 
GST isozyme responsible for the conjugation of (+)- 
fmf/-BPD[-; in the liver of A/J mice (10], is about 3.0- 
fold higher in the mate liver as compared with the 
female. Other major hepatic GST i.socnz.yme.s of the 
a and classes, which also contribute to some extent 
to the GST catalyzed conjugation of (-i-)-oiifi-BPDE 
with OSH, are also more abundant in the liver of male 
mice, Thc.se results .sugpc.st that the male A/J mice 
titay be relatively more efficient than the female in 
detoxifying (+)-i3/i//-BPDti becau.se the liver is the 
main site of xenobiatic biotransi'onnation. Thus, it is 
rcasonnble to speculate that the levels of (4-)-fwti- 
BPDP in the circulation of the male mice would be 
le.s.s than in the fetnale mice and that at low level.s of 
BP exposure the male mice would he belter protected 
against the carcinogenic effects of BP than the female 
A/J mice. The results presented in this study support 
this contention. Ihe relative abundance of certain 
GST subunits is also significantly higher in the lung 
and forestomach of male mice as compareti with 
female mice, in particular, the luGSTPl-l content in 
the foiestomach of male mice is significantly higher 
relative to the female. An even more prominent higher 
abundance of an n class G.ST (mCiSTA4-4| is 
observed in the lung a.s well as in the foresiomach 
of male mice (4.0- and 1.0-fold, respectively). These 
results suggest that in addition to the liver, the target 
organs in male mice may also t>c moic efficient in the 
detoxificatioit of {-i-)-<jH/i-BPDP. Therefore, it is 
highly likely that the gender-related differences in 
the susceptibility of A/J mice to BP-induced pulmon¬ 
ary and forestomach tumorigenesis may, at lea,st in 
part, also be due to differences in GST isoenzyme 
profile.s of the target organs. 

While it is not possible to extrapolate these results 
wnth mice to humans, it is important to tiote that sex- 
related qualitative and quantitative differences in the 


expression of GST isoenzymes have been documen¬ 
ted in human tissues [27,28]. Furthermore, it has been 
reported that the risk of lung cancer is relatively 
higher in women than in men per cumulative dose 
of cigarette smoking (18,19]. Also, there is limited 
evidence that women have a higher susceptibility to 
tobacco smoke carcinogens than men [17]. More 
recently, it has been shown that within the PSS 
tumor suppressor gene. onti-BPDE preferentially 
modifies guanine residues in the same mutational hot- 
.spoLs that are frequent in human cancers [3], While 
some of these mutational hotspots are common to 
various malignancies, one affecting codon 157 of 
p53 is characteristic for lung cancer (8,14). Since 
fln/i-BPDE Ls derived from cigarette smoke, this 
study provides a partial mechanistic explanation for 
the well establLshed epidemiological correlation 
between smoking and lung cancer. Since PAHs, 
including BP, are abundant in our environment, the 
possibility that sex-related differences in the suscept¬ 
ibility of humans to tobacco carcinogens is a result, at 
least in part, of differential expression of GST isoen¬ 
zymes cannot be ignored. Thu.s, further studies are 
needed to determine if gender-related differences in 
GST isoenzyme expression are a determinant of dif¬ 
ferential susceptibility of humans to PAH-induccd 
cancer. 
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